Under the assumption that isospin T is a good quantum number, isobaric analog states and various analogous transitions are expected in isobars with mass number A. The strengths of T z = ±3/2→ ±1/2 analogous Gamow-Teller (GT) transitions and analogous M1 transitions within the A = 41 isobar quartet are compared in detail. The T z = +3/2→ +1/2 GT transitions from the J =3/ Ti ␤ decay studying the analogous T z =−3/2→ −1 / 2 GT strengths. They reported contradicting distributions. One-to-one correspondences of analogous transitions and analog states were assigned up to E x = 6 MeV in the comparison with one of these 41 Ti ␤-decay results. Combining the spectroscopic information of the analog states in 41 Ca and 41 Sc, the most probable J values were deduced for each pair of analog states. It was found that 5 / 2 + states carry the main part of the observed GT strength, while much less GT strength was carried by 1 / 2 + and 3 / 2 + states. The gross features of the GT strength distributions for each J were similar for the isospin analogous T z = ±3/2→ ±1/2 transitions, but the details were somewhat different. From the difference of the distributions, isospin-asymmetry matrix elements of Ϸ8 keV were deduced. The Coulomb displacement energy, which is sensitive to the configuration of states, showed a sudden increase of about 50 keV at the excitation energy of 3.8 MeV. The strengths of several M1 transitions to the IAS in 41 Ca were compared with the strengths of analogous GT transitions. It was found that ratios of the M1 and GT transition strengths were similar, suggesting that the contributions of the ᐉ term in M1 transitions are small.
I. INTRODUCTION
Isospin is a good quantum number under the assumption that the nuclear interaction is charge symmetric and that the effect of the electromagnetic interaction is relatively small. As such, an analogous structure is expected for the same mass A nuclei with different T z (isobars), where T z ͓=͑N − Z͒ /2͔ is the z component of the isospin T (see, e.g., Refs.
[1,2]). The corresponding states in different T z nuclei are called isobaric analog states (or simply analog states). Transitions connecting various combinations of analog states are analogous. Such "analogous transitions" should have corresponding energies and strengths. Properties and isospin symmetry of analogous transitions in isobars have been discussed extensively in Refs. [1, 3] .
Gamow-Teller (GT) transitions, caused purely by the -type operator, are well suited for the study of analog states and properties of analogous transitions, because they can be studied in both ␤ decay and hadron charge-exchange (CE) reactions. The GT transitions are characterized by ⌬L =0, ⌬S = 1, and ⌬T z = ± 1, where L and S are the orbital and spin quantum numbers. An important physical quantity for understanding the nuclear structure is the reduced GT transition strength B͑GT͒. The B͑GT͒ values are usually obtained from studies of GT ␤ decay. In addition, CE reactions, such as ͑p , n͒ or ͑ 3 He, t͒, performed at intermediate energies ͑Ͼ100 MeV/ nucleon͒ can be used as a means to map the GT strengths over a wide range of excitation energy ͑E x ͒ [4, 5] . For this purpose, one relies upon the approximate proportionality between the reaction cross sections measured at the scattering angle ⌰ = 0°and their B͑GT͒ values [6] .
The simplest analogous GT transitions are expected for the odd-mass mirror nuclei with T z = ±1/2. By comparing the GT transitions from the ground states of T z =−1/2 and *Electronic address: fujita@rcnp.osaka-u.ac.jp +1 / 2 nuclei to excited states of T z = +1/2 and −1/2 nuclei studied in ␤ decays and ͑p , n͒-type CE reactions, respectively, the symmetry of analogous transitions and analog states, and thus the isospin symmetry of isobars, has been discussed in the low-lying region of various sd-shell nuclei [6] [7] [8] [9] . Similarly, the symmetric nature of T z = ±1 to T z =0 GT transitions has been examined for a few systems of light sd-shell nuclei, such as the A = 26 nuclei system ( 26 Mg, 26 Al, and 26 Si) [10, 11] or the A = 38 system ( 38 Ar, 38 K, and 38 Ca) [12] by comparing ͑p , n͒ or ͑ 3 He, t͒ CE reactions and ␤-decay studies. A good correspondence of B͑GT͒ values with a difference of less than 5% was observed for the four strong T z = ±1→ T z = 0 GT transitions in the A = 26 system [11] , and thus a good isospin symmetry was found. However, such a comparison was possible only for the low-lying states up to E x Ϸ 3 MeV due to the low Q EC values of the relevant ␤ decays [13] . An extension of the study to fp-shell nuclei with higher Q EC values was discussed [14] .
The symmetry of systems with larger isospin T is more challenging. The T z =−T nuclei, unlike stable T z = T nuclei, are usually far away from the ␤-stability line, and it is expected that the "isospin-asymmetric features," if any, are observed better. The isospin structure and analogous transitions of the so-called "T =3/2 system," after subtracting the Coulomb displacement energy, are schematically shown in Fig.  1 . The isobaric analog states of the T =3/2 ground states of the T z = ±3/2 nuclei are called the IAS in the T z = ±1/2 nuclei. There are several stable T z =3/2 nuclei in the sd-and fp-shell regions. The GT transitions from the ground state (g.s.) of a T z = +3/2 nucleus to ⌬J =1 + states (GT states) in a T z = +1/2 nucleus can be studied via CE reactions, such as ͑p , n͒ or ͑ 3 He, t͒. The measurements of the corresponding T z =−3/2 to T z = −1 / 2 transitions in ␤ decays have become more accurate in recent years with the technical development of producing a larger number of unstable nuclei with greater purity. It should be noted that these ␤ decays have relatively high Q EC values of more than 10 MeV. Therefore, it is expected that not only the transitions to the low-lying states, but also the main part of the GT transition strengths can be studied in these ␤-decay measurements.
Among the candidates for the T z = ±3/2→ ±1/2 comparison, we find that analogous transitions in the A = 41 systemi.e., 41 K ͑T z = +3/2͒ to 41 Ca ͑T z = +1/2͒ and 41 Ti ͑T z =−3/2͒ to 41 Sc ͑T z =−1/2͒-are well suited for an accurate study of the analogous GT transitions and also the isospinsymmetry structure of isobars. The former can be studied by a CE reaction on a stable 41 K target and the latter in the ␤ decay of 41 Ti. Owing to the high Q EC value of 12.93 MeV in the 41 Ti ␤ decay [15] , the B͑GT͒ values have been reported for 41 Sc up to about 8 MeV by several groups [16] [17] [18] [19] .
In this paper, we report the GT strengths of the T z = +3/2→ +1/2 GT transitions up to E x = 10.5 MeV deduced from a measurement of the 41 K͑ 3 He, t͒ 41 Ca reaction at 0°. These B͑GT͒ values are compared with those of the isospinsymmetric T z =−3/2→ −1 / 2 GT transitions from 41 Ti ␤ decay. In order to make a reliable comparison, high energy resolution is important in the CE reaction. Good angular resolution is also important in order to obtain a well-defined 0°spectrum. In our 41 
K͑
3 He, t͒ measurement, a high energy resolution of 35 keV and a good angular resolution were realized even at an intermediate incident energy of 420 MeV ͑140 MeV/ nucleon͒ by using a magnetic spectrometer in combination with beam matching techniques [20] .
II. EXPERIMENT
The GT states are predominantly excited in CE reactions at intermediate energies ͑ജ100 MeV/ nucleon͒ and at forward scattering angles including 0°. This is because of the L = 0 nature of GT states and the dominance of the part of the effective nuclear interaction [21] . The experiment was performed at the Research Center for Nuclear Physics (RCNP), Osaka, by using a 140 MeV/ nucleon 3 He beam from the K = 400 RCNP Ring Cyclotron and the QDD-type Grand Raiden spectrometer [22] placed at 0°. The beam was stopped in a Faraday cup inside the first dipole magnet. In a ͑ 3 He, t͒ experiment using a magnetic spectrometer, the measurement at 0°is relatively easy, because the magnetic rigidities of the 3 He 2+ beam and the singly charged outgoing tritons differ by about a factor of 2. However, for the analysis of intermediate-energy tritons, a large bending power is required for the spectrometer. This requirement makes the Grand Raiden spectrometer ideally suited for the present measurement. The large difference of atomic energy losses of 3 He and tritons in a target foil can cause a large energy spread of the outgoing tritons, which deteriorates the spectral resolution. Therefore, a thin self-supporting foil is desirable as a target.
In order to produce a thin 41 41 Ca spectrum. The separation and identification of these states and the states of 41 Ca were possible owing to the high energy resolution of this experiment, as will be described below.
The outgoing tritons were momentum analyzed without using any acceptance-defining aperture of the spectrometer. A spectrum covering the angular range of Ϸ ± 20 mrad horizontally ͑x͒ and Ϸ ± 40 mrad vertically ͑y͒ was obtained. The tritons were detected at the focal plane with a multiwire driftchamber system allowing track reconstruction for each ray [24] . The acceptance of the spectrometer was subdivided in the software analysis by using this track information.
An energy resolution far better than the energy spread of the beam was realized by applying the dispersion matching technique [25] . Using the new high-resolution "WS course" [26] for the beam transport and the "faint beam method" for the diagnosis of matching conditions [27, 28] , an unprecedented resolution of 35 keV [full width at half maximum (FWHM)] was achieved. This improved resolution allowed us to resolve states of 41 Ca up to E x = 10 MeV, as shown in Fig. 2 . As can be seen, all strongly excited states are concentrated in the energy region between 4 and 6 MeV. The g.s. of 18 F and the g.s. and the 3.502 MeV state of 13 N were identified by comparing this spectrum with the spectrum of a nat MgCO 3 + PVA target measured under the same condition as the 41 K 2 CO 3 + PVA target. They are indicated in Fig. 2 . The higher excited states of 13 N were also identified in the spectrum, but the contributions from these states were very small in the region E x Ͻ 10.5 MeV. The possible contributions from the states of 39 Ca originating from the 39 K nuclei with 0.8% isotopic abundance in the target were examined by comparing with the spectrum from the 39 K 2 CO 3 + PVA target. The strongest g.s. of 39 Ca is expected at Ϸ6.1 MeV in the spectrum shown in Fig. 2 , but no noticeable contribution was observed.
In order to accurately determine the scattering angle ⌰ near 0°, angle measurements in both the x direction ͑͒ and y direction ͑͒ are equally important, where ⌰ is defined by
2 . Good and resolutions were achieved by applying the angular dispersion matching technique [25] and the "overfocus mode" in the spectrometer [29] , respectively. The angle calibration was performed by using a multihole aperture. It is estimated that the angle resolution was better than 8 mrad [29] . The "0°spectrum" in Fig. 2 shows events for scattering angles ⌰ഛ0.5°. As will be shown, all prominent states are of L = 0 nature.
Accurate E x values with errors of about 1 keV are given in Ref. [30] for the ⌬J =1 + GT states of 41 Ca up to 6 MeV (see column 1 of Table I The yields of individual peaks were derived by applying a peak fitting program using the peak shape of the well separated 39 (3) a From Ref. [30] . b Present work.
III. DATA ANALYSIS

A. Identification of L = 0 Gamow-Teller states
In order to identify L = 0 GT states, yields were derived for all states in the spectra with angle cuts ⌰ = 0°-0.5°(see Fig. 2 ), 0.5°-1.0°, and 1.0°-1.5°. The angular distributions of GT states peak at 0°. The relative decrease of the yields of each state in these three cuts was compared with that of the 4.093 MeV state, the most strongly excited state known to have a pure GT nature. It was found that for most of the well-observed states below E x = 6 MeV, the ratios of yields in the 1.0°-1.5°and 0°-0.5°angle cuts were similar to the ratio of the 4.093 MeV state within 20%, suggesting that they are all L = 0 states. On the other hand, a few very weakly excited states in this region and many weakly excited states above E x = 6 MeV had ratios larger than 1.2 (typically 1.3-1.5), suggesting that these states have L ജ 1. They are indicated by the sign "ജ1" in column 4 of Tables I and II.
B. B"GT… evaluation from "
3 He, t… data
It is known that in CE reactions at 0°the cross sections for GT transitions are approximately proportional to B͑GT͒ values [6, 32, 33] :
where J ͑0͒ is the volume integral of the effective interaction V at momentum transfer q =0, K is the kinematic factor, N is a distortion factor, and GT is a unit cross section for the GT transition. For ͑ 3 He, t͒ reactions, the approximate proportionality between the 0°cross sections and the GT transition strengths B͑GT͒ was shown for the B͑GT͒ values ജ0.04 from the studies of analogous GT transitions in A = 27, T =1/2 mirror nuclei 27 Al and 27 Si [9] and A = 26 nuclei 26 Mg, 26 Al, and 26 Si [11] . Here we use a unit system that gives a value of B͑GT͒ = 3 for the ␤ decay of the free neutron.
The product KN , and therefore the unit cross section GT in Eq. (2) changes gradually as a function of mass number A as well as excitation energy [6] . In order to estimate the latter effect, a distorted-wave Born approximation (DWBA) calculation was performed by using the code DW81 [34] , assuming a simple d 5/2 → d 3/2 transition for the excited GT states. The optical potential parameters used were those determined for 28 Si at an incident 3 He energy of 150 MeV/ nucleon [35] . For the outgoing triton channel, by following the arguments given in Ref. [36] , the well depths were multiplied by a factor of 0.85 without changing the geometrical parameters of the optical potential. For the effective projectile-target interaction of the composite 3 He particle, the form derived by Schaeffer [37] by applying a folding procedure was used. As the interaction strength V and the range parameter R at 140 MeV/ nucleon, we used the values of 2.1 MeV and 1.415 fm, respectively [38] . The calculated 0°cross section decreases by about 5% as E x increases up to 10 MeV. This result was used to correct the peak intensity of each state.
In order to obtain B͑GT͒ values from Eq. (2), we have to determine the unit cross section GT or the "unit GT intensity" for the transitions to the states observed in the 41 K͑ 3 He, t͒ 41 Ca spectrum at 0°, shown in Fig. 2 . However, there is no transition whose B͑GT͒ value can be directly determined from a ␤-decay measurement. Therefore, we assume that the total sum of B͑GT͒ values in the analogous mirror transitions-i.e., T z = ±3/2→ ±1/2 GT transitionsobserved in the 41 
K͑
3 He, t͒ reaction and in the 41 Ti ␤ decay are the same (see Fig. 1 ). From Fig. 2 , we see that most of the prominent levels are concentrated in the E x =4-6 MeV region. As discussed, most of them have L = 0. A similar concentration of GT strength was reported in the corresponding E x = 4 -6.2 MeV region of 41 Sc by Honkanen et al. [18] in one of the ␤-decay studies of 41 Ti (for details, see Sec. V A). In addition, the sum of the B͑GT͒ values of ⌺B͑GT͒ = 1.77͑17͒ in this region of 41 Sc, except the GT strength in the IAS, was in good agreement within errors with the sum ⌺B͑GT͒ = 1.60͑15͒ reported in another ␤-decay study by Liu et al. [19] . Therefore, the unit GT intensity was obtained by assuming that the total intensity summed over all GT states in this region, after making a correction for excitation energy, corresponds to the B͑GT͒ value of 1.68 (12) , which is the average of the ⌺B͑GT͒ values of the two ␤-decay studies.
The B͑GT͒ values for all excited states, except for the IAS, were calculated by using the same unit GT intensity from their peak intensities after making the excitation energy correction. The obtained B͑GT͒ values are listed in column 5 of Tables I and II , and they are also displayed in Fig. 3(a) . The errors quoted for these B͑GT͒ values come from the statistical uncertainties of the experimental data and the ambiguities of B͑GT͒ values in the ␤-decay measurement. On the other hand, the error associated with the possible isospin asymmetry of the strength in the E x =4-6 MeV region, where the normalization of the B͑GT͒ strength was performed, is not included. Since the proportionality given by Eq. (2) is experimentally established only for transitions with B͑GT͒ ജ 0.04 [9] , the uncertainty may be larger for weaker transitions.
The transition from the J =3/2 + g.s. of 41 K to the IAS can contain both Fermi (caused by the operator) and GT components. In order to extract the GT component in the IAS, we assume that the Fermi transition strength concentrates to this IAS and the strength is B͑F͒ = N -Z = 3. In addition, we used the fact that the ratio of GT and Fermi unit cross sections, denoted by R 2 in Ref. [6] , is only weakly dependent on mass number A and can be deduced to be 8.7(7) for the A = 41 nuclei by an interpolation between the known R 2 values of 6.6(4) and 10.5(5) for A =26 [11] and A =58 [14, 39] nuclei, respectively. In this way, we estimated a B͑GT͒ value of 0.148 (25) in the transition to the IAS as the most probable value. In Ref. [18] , an isospin impurity of ͑10± 8͒% is suggested for the IAS. It is calculated that this amount of isospin impurity would increase the B͑GT͒ value in the IAS by 0.034± 0.028.
IV. GAMOW-TELLER STATES AND B"GT… DISTRIBUTION
A. Experimental results
Since the g. [30] it is suggested that the 5.652 and 5.717 MeV states have negative parity. However, they are rather strongly excited in the 0°spectrum, and L = 0 is assigned in our analysis. In addition, possible analog states for these states with more or less corresponding strengths are observed at 5.774 and 5.840 MeV, respectively, in the 41 Ti ␤-decay measurement studying the isospin mirror GT transitions (see Table  III ). Therefore, we suggest that they are GT states with positive parity. We also suggest a positive parity for the 5.890 MeV state, although it is weaker. The J values of 5/2 − are assigned to the 7.296 MeV state in Ref. [30] . Our analysis, however, shows L = 0 for the transition to this state, and a positive parity is therefore suggested.
As seen from Fig. 3(a) , the main part of the GT strength is concentrated at E x =4-6 MeV, but it is very fragmented. Clustering of states is observed around 4.1, 4.75, 5.7, and 5.95 MeV.
B. B"GT… distribution from the shell model
The shell-model calculations for the A = 41 system were carried out in the sd-fp model space. Relative to a closed sd shell for 40 Ca, particles are in the fp shell and holes are in the sd shell. The model space was truncated to one-particle (1p) for the low-lying T =1/2 negative parity states and to twoparticle one-hole ͑2p-1h͒ for the excited T =1/2 and 3/2 positive parity states. We used the SDPFMW Hamiltonian [40] that was deduced for this model space and truncation. The computer code OXBASH [41] was used in the calculation. In Fig. 3 , the experimentally extracted B͑GT͒ values and the shell-model values are compared for excitation energies up to 10 MeV.
The results of shell-model calculation include the average renormalization factor (quenching factor) of 0.6 [13] for the B͑GT͒ values. By comparing Figs. 3(a) and 3(b) , we see that the calculated and experimental B͑GT͒ distributions are generally in agreement. The observed concentration of the GT strength at E x =4-6 MeV and the fragmented and weakly excited strengths above 6 MeV are well reproduced by the calculation. The calculated total B͑GT͒ strength up to 6.5 MeV, where the main part of the strength is concentrated, is 2.43, which is in agreement with the corresponding experimental value of 2.12 within 15%. However, the observed fragmentation of the strength in the 4 -6 MeV region was not reproduced. The calculated GT strength is concentrated in fewer states.
The calculation predicts that all T =3/2 GT states, except for the IAS, are above E x = 7.5 MeV. In addition, all of them have very small B͑GT͒ values. Therefore, it is suggested that most of the GT strength is in the transitions to the T =1/2 states. In a naive picture, the structure of 41 K is described by the 40 Ca core plus two neutrons in the f 7/2 shell and one proton hole in the d 3/2 shell. The much weaker T =3/2 strength compared to the T =1/2 strength can be understood qualitatively with this picture in combination with the discussion given in Ref. [42] on the possible isospins for singleparticle and single-hole configurations.
The shell-model calculation predicts an additional concentration of T =1/2 strength around E x = 10 MeV, which is not observed in the experiment. This predicted GT strength is probably spread over many 5p-3h states that are not in the model space, and thus the GT strength in this high energy region around 10 MeV may be blended into the continuum. A further comparison of strengths for each J value will be made in Sec. V A 3. As will be discussed, the distributions for three different J states are not so well reproduced.
V. COMPARISON OF ANALOGOUS TRANSITIONS
From Fig. 1 , we see that the GT transitions studied in the ␤ decay of the T z = −3 / 2 nucleus 41 Ti to the T z =−1/2 nucleus 41 Sc is analogous to those studied in the 41 K͑ 3 He, t͒ measurement. In addition, the M1 ␥ transitions from the IAS in 41 Ca to lower excited states are also analogous. Our inter- est is whether or not similarities of strengths are found for these different analogous transitions.
A. Isospin-symmetric GT transitions
GT transition strengths from ␤-decay measurements
The GT strength distribution with T z = +3/2→ +1/2 nature studied in the 41 K͑ 3 He, t͒ reaction can be compared most directly with the result from the isospin-symmetric T z =−3/2→ −1 / 2 transitions studied in the 41 Ti ␤ decay. Owing to the high Q EC value of this decay, the B͑GT͒ values can be studied for states in 41 Sc with relatively high excitation energies. In Figs. 4(b) and 4(c) , two B͑GT͒ distributions from the most recent 41 Ti ␤-decay measurements from Honkanen et al. [18] and from Liu et al. [19] , respectively, are displayed. Because of the low S p value of 1.09 MeV [30] in 41 Sc, both distributions were derived from measurements of delayed protons. It was assumed that possible ␥ decays to the g.s. of 41 Sc were not important, although such ␥ decays may have impact in some cases. In reality, the influence seems to be small, because similar B͑GT͒ values are observed in the T z = ±3/2→ ±1/2 isospin mirror transitions to the lowest J =3/2 + states (see Table III ). Both of these 41 Ti ␤-decay results show that the main part of the strength is found at excitation energies above 4 MeV. Similar clustering strengths can be seen at 4.25, 4.9, and 5.8 MeV, although the strengths are distributed somewhat differently in each cluster. The differences may be explained by the difference of the resolutions in measuring the energies of delayed protons. They are 30 keV in Ref. [18] [ Fig. 4(b) ] and 70-100 keV in Ref. [19] [ Fig. 4(c) ]. The total sums of B͑GT͒ values in the 4 -6.2 MeV region, excluding the GT strength in the IAS, were 1.77(17) and 1.60 (15) in Refs. [18, 19] , respectively, in agreement within the experimental errors. On the other hand, at higher excitations above 6.2 MeV, we see that these two ␤-decay results differ substantially. 41 Ca and 41 
Corresponding GT states in
Sc
The GT strength distribution from our 41 
K͑
3 He, t͒ study is shown in Fig. 4(a) for the energy region where the ␤-decay results are available. It is clear that this distribution is quite similar to the one of Honkanen et al. [18] shown in Fig. 4(b) with respect to the gross structure. Furthermore, since the experimental resolutions in this ␤-decay measurement ͑30 keV͒ and the ͑ 3 He, t͒ reaction ͑35 keV͒ are both good and similar, we see a one-to-one correspondence of observed states and the GT transition strengths to them for the energy region below 6.2 MeV, where the main part of the GT strength is concentrated. By combining further the knowledge of J values of states in 41 Ca and 41 Sc evaluated in Ref. [30] , correspondences of states are suggested in Table III , and details are discussed below.
In these two experiments detecting the isospin mirror transitions, we notice that the number of observed states with appreciable B͑GT͒ strength is identical in 41 Ca and 41 Sc, except for the very weak transition to the 3.050 MeV state observed in the ͑ 3 He, t͒ reaction. The residual interaction depending on T z -i.e., isospin-asymmetric interaction-can make the GT strength distribution somewhat different. However, since J is a good quantum number, the modification of the distribution is expected only among the same J states. Rather accurate excitation energies and J values have been evaluated for many of these states [30] . Therefore, the corresponding states can be assigned on the basis of excitation energies, J values, and the transition strengths from the ͑ [30] . Since the number of observed states are practically the same, one may think that the corresponding states can be assigned by the ordering of the excitation energies, if we believe in the isospin symmetry. However, there are several clusters of states, and it is difficult to identify the corresponding states from only the sequence of excitation energies and the consistency of the assigned J values that sometimes have ambiguities. Clusters are at 4.75, 5.7, and 5.95 MeV in 41 Ca and also in 41 Sc ␤ decay reported in Ref. [19] .
between columns 3 and 4 in Table III . For these states, the corresponding states should be assigned taking the similarities of transition strengths into account in addition to the consistency of the assigned J values. As a result, it is suggested that the 4.727 and 4.777 MeV states of the first cluster in 41 Ca correspond to the 4.869 and 4.777 MeV states in 41 Sc, respectively; i.e., the order of the excitation energy of the corresponding states is reversed. Such a reversed order was noticed only for these pairs (see Table III ).
For the analog states, the correlation of B͑GT͒ values between analogous T z = ±3/2→ ±1/2 transitions was examined. As we see in Fig. 5 , points are distributed more or less along the 45°line, but they are rather scattered, especially for pairs of states with smaller B͑GT͒ values. As a result, we conclude that the gross symmetry of these isospin mirror transitions is rather well preserved, but the fine structures are somewhat different.
Strength distributions of J =1/2, 3/2, and 5/2 states
The J values of the states in 41 Ca and 41 Sc have been evaluated independently for each nucleus [30] . Since the correspondence between analogous GT transitions became apparent in the present analysis, the knowledge of the J values for a pair of analog GT states can now be combined. The most probable J values of each pair of states were deduced up to E x = 6 MeV, and they are given in column 7 of Table  III . We see that the number of J =5/2 + states is the largest, while the number of 1 / 2 + states is smaller, suggesting a large contribution of the d 5/2 hole. The B͑GT͒ distributions of transitions to J =1/2, 3/2, and 5/2 states are shown in Figs. 6 and 7 for nuclei 41 Ca and 41 Sc, respectively. In both figures, the main part of the GT strength is found in the 5 / 2 + states. Among the 3 / 2 + states, the largest GT strength was seen in the T =3/2 IAS at 5.814 MeV. Therefore, in comparison among T =1/2 states, the dominance of the GT strength in 5/2 + states is even more prominent. When these B͑GT͒ distributions with three different J values are compared to the corresponding shell-model results shown in Figs. 3(c)-3(e) , we see notable disagreements. In the shell-model calculation, the J =1/2 and 3/2 strengths are stronger than in the experiment, while the J =5/2 strength is weaker. In addition, the fragmentation of the strength, especially that of the J =5/2 strength in the E x =5-6 MeV region is not well reproduced. The larger number of levels, and thus the higher level density, above about 5 MeV is probably due to the states of 4p-3h levels that are not included in the model space truncation. These configurations cannot be reached directly from the 2p-1h, T =3/2 g.s. However, above about 5 MeV, they could mix with the 2p-1h doorway states and cause a spreading of the GT strength. 
Estimation of the isospin-asymmetry matrix element
By comparing Figs. 6 and 7, we again notice that the gross features of these two B͑GT͒ distributions for the isospin mirror transitions are similar, but the details are somewhat different. One of the interesting features is that the strengths of two J =5/2 states at about 4.8 MeV and 4.9 MeV in 41 Ca and 41 Sc, respectively, are almost reversed. It is natural to think that these reversed strengths in the T z = ±3/2→ ±1/2 analog transitions are caused by the action of an interaction depending on T z -i.e., an isospinasymmetric interaction. For simplicity, let us think only of the mixture between these J =5/2 doublet states. Then we can deduce that (A) the isospin-asymmetry matrix elements acting in these isospin mirror states have similar strengths but opposite signs and (B) without the isospin-asymmetry matrix elements the transition strengths to these doublet states are almost the same. We estimate the approximate values of isospin-asymmetry matrix elements on the basis of these assumptions.
The nuclear Hamiltonian is written as H = H 0 + H IA , where H 0 and H IA are the isospin-symmetry (conserving) term and isospin-asymmetry term, respectively. Two eigenstates of H 0 are denoted by ⌽ a and ⌽ b . Since the Hamiltonian H 0 is isospin symmetric, these wave functions are the same in both T z =1/2 ͑ 41 Ca͒ and T z =−1/2 ͑ 41 Sc͒ nuclei. The excitation energies E a and E b of observed states are the eigenvalues of the total Hamiltonian H. Let us think of wave functions ⌿ a and ⌿ b that satisfy
respectively. The form of these equations is formally the same for T z = ±1/2 nuclei, but note here that the matrix elements in the isospin-asymmetry term H IM are different in the T z = ±1/2 nuclei [assumption (A)]. Therefore, the wave functions ⌿ a and ⌿ b are different in T z = ±1/2 nuclei. We can formally write the states ⌿ a and ⌿ b in terms of linear combinations of the two states ⌽ a and ⌽ b as
and
where ␣ 2 + ␤ 2 = 1. Note again here that the coefficients ␣ and ␤ are different in the T z = ±1/2 nuclei. Using these relationships, the matrix element of the off-diagonal matrix H IA -i.e., the isospin-asymmetry term-can be written as
Let us think of the GT transitions caused by the operator O = starting from the g.s. ⌽ 0 of T z = ±3/2 nuclei. For simplicity, we assume that the effect of isospin asymmetry in the g.s. is small. The GT transition strength B͑GT͒ is proportional to the squared value of the transition matrix element of type, as will be discussed in Sec. V B. Therefore, the ratios of the B͑GT͒ values R 0 and R 1 for the transitions to the two excited states before and after the mixing, respectively, can be expressed as
where B 0 ͑GT͒ and B 1 ͑GT͒ are the B͑GT͒ values before the mixing of states and the observed B͑GT͒ values after the mixing of states, respectively. By putting Eqs. (5) and (6) into Eq. (9) and using R 0 , the ratio R 1 can be written as
The transformation from Eq. (10) to Eq. (11) is not exact when the associated phases are different in the matrix elements ͗⌽ a ͉O͉⌽ 0 ͘ and
There is no way to study the ratio R 0 experimentally. However, according to assumption (B), we can put R 0 Ϸ 1; i.e., the doublet states have almost equal B͑GT͒ values without the influence of H IA . Using the B͑GT͒ values listed in Table III , the values of R 1 are obtained for the doublet states observed at 4.8 MeV in the ͑ 3 He, t͒ study and also for the doublet states observed at 4.9 MeV in the ␤-decay study. A set of ␣ and ␤ is obtained for each of these R 1 values using Eq. (11) and the relationship ␣ 2 + ␤ 2 = 1. The isospinasymmetry matrix element is calculated by putting a set of ␣ and ␤ and the difference of the excitation energies into Eq. (7). As a result, values of −8.3 keV and 7.5 keV are obtained for the T z = +3/2→ +1/2 and T z =−3/2→ −1 / 2 transitions, respectively. The signs of them are opposite and the absolute values are nearly the same, which is consistent with assumption (A). It is interesting that relatively small isospinasymmetry interactions of Ϸ8 keV can make the reversed transition strengths observed for the isospin mirror transitions to the doublet states with ⌬E Ϸ 70 keV.
Isospin mixing was studied at a similar mass of A = 37 for a pair of J =3/2 + states. One of them was the T =3/2 IAS in 37 K at E x = 5.051 MeV and the other was a T =1/2 state lying 31 keV below. The relative proton widths of the two levels measured in a 36 Ar͑p ជ , p 0 ͒ resonance reaction implied an isospin-mixing matrix element of 4.8 keV [43] . In addition the analysis of the ␤ + -decay study from the g.s. of 37 Ca to these two states suggested a value of 5.9 keV [43, 44] . It is interesting that similar values are deduced for the isospinasymmetry matrix element obtained here and the isospinmixing matrix element. 41 Ca and 41 
Difference of excitation energies in
Sc
The Coulomb displacement energy (CDE) is dependent on the configuration of each individual state [45, 46] . In order to study the CDE as a function of excitation energy, the difference of excitation energies,
was calculated for each pair of states. The ⌬E x values are given in the last column of Table III . They are also plotted in Fig. 8 for different J states. The ⌬E x values of the J =3/2 + states vary largely from −13 to 125 keV [ Fig. 8(b) ], and the distribution is scattered as a function of E x . The ⌬E x distributions of the 1 / 2 + and 5/2 + states are less scattered. It is interesting that the minimum at E x = 5.2 MeV in the 3 / 2 + distribution [ Fig. 8(b) ] is common with the local minimum in the distribution of the 5/2 + states [ Fig. 8(c) ]. We see a clear discrete increase of ⌬E x values at around E x = 3.8 MeV. In 1 / 2 + and 5 / 2 + distributions, a typical value of about 50 keV in the low-lying region changes suddenly up to more than 100 keV above 4 MeV excitation energies, where the main part of the strength appears. For the transitions in the low-lying region, the main configurations of d 3/2 → d 3/2 and f 7/2 → f 7/2 are expected in a naive singleparticle model. On the other hand, at the higher excitation energies the main configurations of d 5/2 → d 3/2 and f 7/2 → f 5/2 are expected. The sudden increase of ⌬E x values, corresponding to the sudden change of the CDE, suggests a change of the main configurations of the wave functions at around E x = 3.8 MeV.
B. M1 ␥ transitions in 41 
Ca
The M1 ␥ transitions from the IAS at E x = 5.817 MeV to low-lying states in 41 Ca are analogous to the corresponding GT transitions observed in the 41 K͑ 3 He, t͒ reaction (see Fig. 1 ).
In order to compare M1 transition strengths and B͑GT͒ strengths of analogous GT transitions, we have to examine the similarities and differences between these transitions. The GT operator has only an IV spin ͑͒ term. The GT transition strength B͑GT͒ reduced in isospin [47] is given by
where C GT is the isospin Clebsch-Gordan (CG) coefficient ͑T i T zi 1±1͉ T f T zf ͒ with T zf = T zi ± 1. The matrix element M GT ͑͒ denotes the GT transition matrix element of type. In addition to the IV spin ͑͒ term, the M1 operator has an IV orbital ͑ᐉ͒ term and an IS term. Since the M1 transitions of interest here are between the T =3/2 IAS and the T =1/2 GT states, only the IV terms can contribute. In which case, the M1 transition strength B͑M1͒ reduced in isospin [47] is given by
where C M1 expresses the isospin CG coefficient it is expected that the term is usually larger than the ᐉ term [48, 49] . Therefore, corresponding strengths are expected for the analogous GT and M1 transitions (for details, see, e.g., Ref. [47] ).
The relative intensities I ␥ and the energies E ␥ of the ␥ transitions from the IAS to the states at E x = 4.728, 4.097, 3.740, 3.400, and 2.606 MeV are given in Ref. [30] and are listed in column 4 of Table IV . Using these values, the transition strengths proportional to the M1 transition strengths B͑M1͒ can be deduced under the assumption that the E2 and M1 mixing ratios ␦ are small for these transitions. The proportionality is given (see, e.g., Ref. [50] ) by
The relative strengths of the B͑M1͒ values for these five M1 transitions are listed in column 5 of Table IV, and the relative strengths for the corresponding GT transitions are given in column 7, where the strongest M1 and GT strengths to the 4.097 MeV are normalized to unity. As seen, the relative intensities of the analogous M1 and GT transitions are in 
VI. SUMMARY
Isospin analogous GT and M1 transitions were compared for A = 41 nuclei. Especially, T z = ±3/2→ ±1/2 mirror GT transitions were compared and analyzed from various points of view.
The T z = +3/2→ +1/2 GT transitions were measured by using the 41 
K͑
3 He, t͒ 41 Ca reaction at 0°and at an intermediate incident energy of 140 MeV/ nucleon. Thanks to the high energy resolution of 35 keV, states up to E x = 10 MeV in 41 Ca were clearly separated. This energy resolution of better than ⌬E / E =10 −4 and also a good angle resolution of the scattering angle around 0°were achieved by the implementation of complete beam matching techniques between the magnetic spectrometer and the beamline. Highly fragmented discrete states were observed and the excitation energies of these states could be determined with an accuracy of less than 7 keV up to the excitation energy of 10 MeV. The B͑GT͒ values in the ͑ 3 He, t͒ reaction were calibrated by using B͑GT͒ values derived in the GT ␤ decay from 41 Ti to 41 Sc by assuming mirror symmetry of the T z = ±3/2 → ±1/2 transitions. A DWBA calculation was used to correct for the excitation energy dependence of the cross section. It was found that the main part of the GT strength is concentrated in the energy region between 3 and 6 MeV. The fragmentation of the GT strength was not so well reproduced by a shell-model calculation, suggesting more complicated structures of the A = 41 nuclei that extend over sd-and f-shell regions.
The mirror symmetric T z =−3/2→ −1 / 2 GT transitions can be studied in the ␤ decay of 41 Ti to 41 Sc. Two independent ␤-decay measurements have been reported and the obtained B͑GT͒ distributions were significantly different in the energy region above E x = 6 MeV. If isospin is a good quantum number, the transition strengths of the T z = ±3/2 → ±1/2 GT mirror transitions should not be much different. It was found that the general feature of the B͑GT͒ distribution deduced by Honkanen et al. [18] was similar to that observed in the present 41 K͑ 3 He, t͒ measurement. In addition, the good energy resolution achieved by Honkanen et al. in the delayed proton measurement after the ␤ decay was comparable with our resolution.
Through a detailed comparison of the T z = ±3/2→ ±1/2 GT transitions, one-to-one correspondences of analog states in 41 Ca and 41 Sc could be identified up to the excitation energy of 6 MeV, where the main transition strength was observed. In the identification, it was assumed that the strengths of the analogous transitions should be similar. The GT states in 41 Ca and 41 Sc can have a J value of either 1/2 + , 3/2 + , or 5/2 + , but the J assignment of individual states in 41 Ca and 41 Sc was not always clear. As a result of the identification of analog states, the most probable J values were assigned for each pair of analog states by combining the independent J information of the pair of corresponding states.
On the basis of the J assignment, the B͑GT͒ strength distribution could be separately obtained for the three J values. It was found that the main part of the GT strength was carried by the 5 / 2 + states. The gross features of the GT strength distributions for the three J states were similar for the isospin analogous T z ±3/2→ ±1/2 transitions, but the details were somewhat different. From the difference of the distributions, isospin-asymmetry matrix elements of Ϸ8 keV were deduced. The difference of excitation energies was studied for analog states as a function of excitation energy. An energy increase of about 50 keV was observed at E x = 3.8 MeV, suggesting a change of configuration in the wave function of the GT states below and above this energy.
The strengths of M1 transitions in 41 Ca from five excited states to the IAS were compared with the analogous GT transition strengths derived from the 41 
3 He, t͒ 41 Ca study. It was found that ratios of the M1 and GT transition strengths, except for one transition, were similar. This suggests that the contribution from the ᐉ term, which is inherent to an M1 transition and has no corresponding term in a GT transition, is small in these M1 transitions.
